ABSTRACT: Hyper-Kamiokande, the next generation large water Cherenkov detector in Japan, is planning to use approximately 80,000 20-inch photomultiplier tubes (PMTs). They are one of the major cost factors of the experiment. We propose a novel enhanced photon trap design based on a smaller and more economical PMT in combination with wavelength shifters, dichroic mirrors, and broadband mirrors. GEANT4 is utilized to obtain photon collection efficiencies and timing resolution of the photon traps. We compare the performance of different trap configurations and sizes. Our simulations indicate an enhanced photon trap with a 12-inch PMT can match a 20-inch PMT's collection efficiency, however at a cost of reduced timing resolution. The photon trap might be suitable as detection module for the outer detector with large photo coverage area. KEYWORDS: Cherenkov detectors; Detector modeling and simulation I (interaction of radiation with matter, interaction of photons with matter, interaction of hadrons with matter, etc); Detectors for UV, visible and IR photons; Photon detectors for UV, visible and IR photons (vacuum) 
Introduction
The remarkable success of the 50-kton (kilotons) Super-Kamiokande (Super-K) [1] detector has sparked interests in novel large volume neutrino detectors. Hyper-Kamiokande (Hyper-K) represents the next generation of the highly-successful water Cherenkov technology employed for Super-K and foresees the construction of two large detectors. Two caverns will be excavated to each host a detector with a physical volume of 0.258 Mton (Megatons), fiducial volume of 0.187 Mton. Detectors will have a 40% photo coverage achieved by 40,000 inward looking 20-inch photomultiplier tubes (PMTs) [2, 3, 4] . The primary candidate site is the Toshibura mine in Japan. An option of placing one of the detectors in Korea at the second oscillation maximum of the high intensity JPARC (Japan Proton Accelerator Research Complex) beam is expected to enhance CP violation sensitivity and is actively being studied [5] . A major cost factor of Hyper-K and other next-generation large volume detectors are their photosensors. Smaller PMTs combined with enhanced photo sensing techniques through the usage of wavelength shifters (WLS) and dichroic mirrors might offer more economical alternatives with similar performance.
Like Super-K, Hyper-K's baseline design relies on 20-inch PMTs at its inner detector to detect Cherenkov radiation. The PMTs are distributed evenly on a one-by-one meter area under water.
Despite this high photo coverage, 83% of the Cherenkov radiation reaching the inner detector PMT level is lost. A large fraction of the missed Cherenkov radiation however could be captured with a photon trap and guided to the PMT.
In our study we compare a 20-inch PMT with designs using 12-inch PMTs for reduced hardware costs by taking advantage of a wavelength shifter as a light trap. We characterize the performance of the different designs with respect to their photon collection and detection efficiency as well as their time-response. We show that the new designs proposed here offer interesting alternatives and should be seriously considered for next-generation detectors.
Hyper-K is a multipurpose experiment that is designed to address a broad range of fundamental physics questions, with each of them posing its own detector requirements. We carry out a general performance evaluation of various enhanced photon trap designs and leave more detailed studies to experimental collaborations. Hyper-K's science objectives include the measurement of diffuse supernova neutrino background [6, 7] , core-collapse supernova burst neutrinos [8, 9] , and indirect searches for dark matter [10, 11, 12, 13] . Other physics objectives include proton decay [14] , neutrino oscillation measurements [15] , and CP violation with an upgraded J-PARC beam [3] . Further applications are in Earth science [16] and solar neutrinos [17, 18, 19] . Wavelength shifter plates have a long history of applications in high-energy physics (see for example [20, 21] ) and are also commonly used as photon traps to enhance photon collection. A WLS photon trap can be further enhanced by encapsulating the PMT and the WLS plate with a mirror box. This mirror box will utilize broadband mirrors to reflect light on the sides and the bottom of the WLS, and the box is completed by stretching a dichroic mirror above the PMT. By optimizing a dichroic mirror to reflect only the WLS's emission spectrum, Cherenkov radiation absorbed by the WLS will be reflected inside the photon trap after WLS emission. We trace the light path of each photon to investigate the individual and combined benefits of the dichroic mirror and WLS. We exclusively determine how each photon reached the PMT, using the classification scheme shown in figure 1 and summarized below: 2. Internal: A photon is absorbed in the WLS, re-emitted, and subsequently collected by the PMT while propagating only within the WLS.
External:
A photon is absorbed in the WLS, re-emitted, and then collected by the PMT. The re-emitted photon would have escaped the trap without the presence of the dichroic mirror.
Relevant for the performance of a photon trap is its ability to detect photons. Therefore, we compute the detection efficiency (DE), which is the product of the collection efficiency (CE) and the corresponding quantum efficiency (QE) of the PMT. The efficiencies are wavelength dependent and quoted efficiencies here are integrated over a Cherenkov spectrum from 200 nm to 700 nm. We quote collection efficiencies alongside with detection efficiencies to remove bias due to the choice of the PMT.
We demonstrate the functionality of a 100 cm × 100 cm dichroic mirror box trap relying on a 12-inch PMT and show that it can provide competitive performance in total photon collection compared to a single 20-inch PMT. The improvements in collection efficiency come at the price of an inevitable increased time delay in secondary photon detection. We explore designs that minimize the time spread between direct Cherenkov detection (primary) and facilitated (secondary) photon detection due to the trap.
This report is structured as follows: In section 2 we introduce the photon trap designs, technical solutions and our simulation. In section 3 we discuss the results of our simulations and compare the performance of different trap configurations. Section 4 concludes and discusses possible applications and improvements of our design.
Photon trap design and simulation
In this section we introduce the basic photon trap designs followed by a description of our simulation and physical properties of the materials as implemented in GEANT4 [22] .
Photon trap configurations
First we introduce three photon trap designs, which distinguish themselves through their increasing complexity and compare to Hyper-K's baseline conventional design consisting of a single large (20-inch or 50.5 cm) PMT (case 1). Cases 2-4 use a 12-inch (30.5 cm) PMT combined with a WLS and enhanced photon trapping techniques. Unless otherwise specified the WLS plates have a thickness of 3 cm and are kept to one-by-one meter size with a centered 12-inch diameter hole to fit the PMT. A dichroic mirror is added on top of the WLS plate (case 3) and encases PMT and WLS (case 4). The photon trap designs are summarized in the following and schematic drawings are given in figure 2. • Case 1: "Baseline": The baseline design consists of a single 20-inch PMT.
• Case 2: "WLS trap": A 12-inch PMT is surrounded by a WLS plate, that is covered with broadband mirrors on the sides.
• Case 3: "Mirror box": A 12-inch PMT is surrounded by a WLS plate, that is covered with broadband mirrors on the bottom and sides. A dichroic mirror is on the top surface of the WLS. Bottom and top mirrors stretch one-by-one meter, and the dichroic mirror has a 12-inch-diameter hole at its center to fit the PMT.
• Case 4: "Full trap": A 12-inch PMT is surrounded by a WLS plate, that is covered with a broadband mirror on the bottom. A one-by-one meter dichroic mirror encases both the PMT together with the WLS and a side broadband mirror extends from the bottom to the dichroic mirror.
Wavelength shifter
For our study we use the widely available BC482-A blue-to-green WLS produced by Saint-Gobain Crystals [23] . This WLS efficiently absorbs light between the 400-450 nm and dominantly emits between 475-525 nm. The absorption and emission spectra for a 3 cm thick WLS as implemented in GEANT4 simulation is shown in figure 3 . We generate Cherenkov radiation at the top of the WLS to minimize the effect of water absorption. GEANT4's optical process functionalities have provided us the ability to simulate optical properties of a WLS. We note that our simulation also allows for WLS-emitted photons to get absorbed and re-emitted. The manufacturer specifies the average time delay between absorption and re-emission as 12 ns. The index of refraction of BC482-A (n W LS = 1.59) is higher compared to water (n water ≈ 1.35) resulting in a critical angle of 58 • , which leads to an effective trapping of isotropically reemitted photons. Figure 3 . Characteristics of the BC482-A wavelength shifter as implemented in GEANT4 with Cherenkov radiation injected orthogonal directly above a 3 cm thick WLS plate. The absorption and emission spectrum is normalized relative to the Cherenkov spectrum intensity at the corresponding wavelength.
Broadband mirror
One of the elements used in our photon trap is a broadband mirror, which helps to capture photons that traverse the WLS without being absorbed. Side mirrors prevent re-emitted photons to escape to the sides thereby increasing the efficiency of the trap. They also have an important role in keeping the signal localized and not having photons detected in adjacent traps. We have implemented the broadband mirror in GEANT4 to have 98.5% reflectivity for all relevant wavelengths (200 nm to 700 nm). The height of the broadband mirror is 3 cm, but we stretch it in case 4.
Dichroic mirror
The dichroic mirror used in our simulations was customized for our purposes by Iridian Spectral Technologies [24] . The key design feature of the dichroic mirror is that its reflectivity matches the emission spectrum of BC482-A, in particular at angles for which there is no total internal reflection . Customized dichroic mirror reflectivity as provided by Iridian Spectral Technologies [24] and used for our study.
within the WLS. As seen in figure 4 , the mirror has high reflectivity in the WLS emission range (475-575 nm) at small incident angles. At angles greater than 50 • its reflectivity is somewhat reduced, yet it still remains at approximately 60%. The mirror is transparent to incoming Cherenkov radiation at wavelength where the WLS is absorbing and where the PMT has high QE.
Photomultiplier tubes
For our study we use a high quantum efficiency (HQE) Hamamatsu Bialkali (BA) PMT as reference PMT. A PMT is needed to obtain the photon detection efficiency from the collection efficiency of a trap. Figure 5 shows our reference PMT QE compared to other candidates [26] . For easy comparison we applied QEs of different PMTs, without changing underlying PMT performance parameters. PMT performance was assumed to be similar to that of R11780, which has been extensively studied [25] and found to be an excellent candidate PMT for very large-scale water Cherenkov or scintillator detectors. The single photo electron (SPE) charge and timing response were determined to be excellent, and the high quantum efficiency version increases the detected photon yield on average by about 50% compared to the standard QE version. A two-dimensional scan of the HQE PMT revealed that the charge and timing response is uniform across most of the photocathode surface. Timing shifts near the edge of the PMT are less than 3 ns, due to an alternative dynode structure designed by Hamamatsu to mitigate large shifts observed in the standard configuration [25] .
Simulation setup and Cherenkov wavelength distribution
In our simulation, we inject light sampled from the water Cherenkov spectrum between 200-700 nm (see figure 6 ) toward the photon trap under study. Radiation is generated 20 meters away from the photon trap, which is the approximate radius of a sphere fitted inside Hyper-K. The angle of . Quantum efficiencies as used in our studies for Hamamatsu R11780, R8055 as well as Bialkali (BA), Super Bialkali (SBA), Ultra Bialkali (UBA), Extended Green Bialkali (EGB). Efficiencies were taken from manufacturer datasheets and extrapolated where needed [26] .
the Cherenkov radiation is kept perpendicular to the trap's horizontal plane. The position of each Cherenkov photon is randomized within an one square meter area. For sufficient statistics we inject 10 million photons for each study. Figure 6 shows the injected Cherenkov spectrum and relative spectra for primary and secondary collected and detected photons. One can see that although the BC482-A WLS is optimized to absorb blue light, it also collects some amount of UV Cherenkov radiation. The amount of UV Cherenkov absorbed by the WLS increases with WLS thickness and a 15 cm thick WLS absorbs five times more than a 3 cm WLS. Secondary emission spectra from the WLS are not identical for different trap configurations, as our simulation allows for WLS-emitted photons to get absorbed and re-emitted. Due to energy conservation the wavelength of photons gets shifted to blue when this process is iterated. Figure 6 shows WLS absorption and emission spectra as well as collection and detection spectra for a BA PMT. Figure 6 . Absorption, emission and detection spectra are shown following our classification scheme. The shown result is for the simulation of a full 100 cm × 100 cm photon trap (case 4) with a 12-inch BA PMT and 3 cm thick WLS and dichroic mirror.
Results
In this section we report the performance results of each photon trap as evaluated with our GEANT4 simulation. We give collection efficiencies, which indicate how effectively photons can reach the PMT in the different designs. We compute detection efficiencies and timing using the wavelength dependent QE of a BA PMT and discuss the effect of using different PMTs.
Photon collection and detection efficiencies
Collection efficiencies of the studied photon trap are compared in table 1. Primary, internal, and external collection efficiencies are reported relative to the primary collection of a 20-inch PMT (case 1). The total efficiency is given by the sum of primary and secondary collection efficiencies. Photon detection efficiencies using a BA as benchmark PMT are given in table 2. The statistical uncertainty on the collection (detection) efficiency is 0.1% (0.3%).
The positioning of the dichroic mirror between the Cherenkov source and the PMT leads to a reduction in primary collection efficiency, which is inevitable and apparent in case 4. However, with an increase in secondary collection, case 4 yields the highest detection efficiency.
Trap size and positional dependence of time delay
We provide collection efficiency maps of a WLS trap (case 2) and full trap (case 4) for different square trap sizes ranging from 100 × 100 cm 2 to 40 × 40 cm 2 and explore the time delay of secondary to primary collection. The WLS thickness is kept at 3 cm and the PMT size is fixed to 12-inch. Figure 7 provides the secondary photon collection efficiencies depending on where the photon was initially emitted in the WLS. Each bin is relative to photons emitted from the WLS. As expected, smaller traps have higher secondary photon collection efficiencies due to the shorter light path, however if the efficiency is normalized to a square meter unit area the overall collection efficiency is reduced. The shorter geometrical light path results in reduced delay times as reported in table 3. Table 3 . Comparison of the secondary photon collection and detection time delay between the WLS trap (case 2) and full trap (case 4). All times are given relative to the average collection (detection) time of the primary photons of the respective trap. The error on the mean and RMS is less than 0.03 ns. Figure 8 shows the average time delay of secondary photon detection relative to the mean primary detection time. The secondary photons originating further from the PMT show a higher mean time delay. The spread in mean delay time is minimal for the smallest trap. BC482-A has a re-emission time of 12 ns [23] , which is the dominant cause of delay for traps up to a size of about 80 × 80 cm 2 . We note that relative time delays of less than the 12 ns time constant are possible due to dispersion in the water and the different wavelength response of the PMT and the WLS.
WLS

Timing resolution
We compare the time delay of the secondary detection relative to the primary detection for different square trap sizes. The RMS of the primary detection distribution in figure 9 is 2.42 ns. As seen, both traps have a very wide spread of secondary photon detection time with RMS values of the order of 10 ns. In addition, the mean delay between primary and secondary photons is one order of magnitude larger than the time it takes a photon to travel one meter, which will be the distance between two PMTs inside Hyper-K. While this clearly disfavours the usage of photon traps for the purpose of precision event reconstruction in Hyper-K's inner detector, advanced event reconstruction algorithms might still be able to provide the needed precision to achieve Hyper-K's physics goals. Algorithms developed at neutrino telescopes relying on unscattered light could offer interesting opportunities. The cumulative timing distribution shown in figure 10 shows that the majority of photons do not arrive with significant delays. We also note that the usage of the full trap introduces an additional mean time delay compared to the WLS trap of up to ∼ 3 ns. This additional delay can be considered to be a reasonable tradeoff for certain applications to increase the photon collection efficiency. Although a significant delay in secondary photon detection relative to primary photons is clearly seen for the enhanced photon traps, the impact on the physics sensitivity due to the time delay is unclear and needs to be evaluated in a full detector simulation.
WLS thickness dependence
After determining that case 4 had the best efficiency at standard WLS thickness (3 cm), we vary its thickness. As seen from table 4, a thicker WLS clearly enhances the photon trap efficiency. In the case of a 15 cm thick WLS the efficiency is 20% higher than a 20-inch PMT, however its timing resolution was worse with ∼ 5 ns. The increased efficiency of a thicker WLS can be mostly attributed to more absorption in the WLS with a consistent optical depth. Absorption in WLS is less efficient at the region of PMT sensitive wavelength, but it is enhanced in a thicker WLS. 
PMT dependence
We study the performance of different PMTs for our design and quote the ratios of total detection efficiency for various PMTs relative to a BA 20-inch setup (see table 5 ). It can be seen that an Extended Green Bialkali (EGB) which matches our WLS well in the emission spectrum achieves the best detection efficiency, followed by Ultra Bialkali (UBA).
Angular dependence of the photon acceptance
We study the angular dependence of the photon trap acceptance by injecting photons directly above the trap at different angles. The angular dependence of the detection efficiency, normalized to one for orthogonal incidence angle, for the full trap (case 4) is reported in figure 11 . Photons are injected just above the dichroic mirror to avoid any absorption of UV light in the water. As can be seen in figure 11 the secondary detection is flat up to 30 • and decreases for larger incident angles Figure 11 . Relative detection efficiency of the full trap (case 4) for Cherenkov radiation injected just above the trap. The efficiency is normalized to one at 0 • incidence angle. Total efficiency is the sum of primary and secondary detection. The detailed behavior is described in the text.
Conclusion
The photon collection efficiency of a large PMT can be matched by a smaller PMT in combination with a photon trap. We have shown that a photon trap consisting of a 12-inch PMT, wavelength shifter, dichroic mirror, and broadband mirrors can achieve similar photon collection efficiencies as those of a 20-inch PMT at potentially lower cost. The detection efficiency of a photon trap can even surpass that of a single large PMT. Additionally, we note that a 12-inch PMT is expected to have a lower dark noise rate and better timing response compared to a 20-inch PMT. We have provided detailed comparisons of three photon trap designs relying on a 12-inch PMT and showed that the full trap (case 4) was able to detect more photons than a single 20-inch PMT. Detailed timing studies have been preformed and the delays due to re-emission and light propagation in the photon traps have been quantified.
In our study we injected light 20 m away from the photon trap, however absorption in the water significantly attenuates light with wavelength below 470 nm. UV light detectable by the WLS is expected to enhance trap efficiencies, making our result conservative. Further studies are needed that quantify the impact of UV light. A time delay due to dispersion in the water should also be noted. UV light which is most efficiently detected by the WLS takes about 3 ns longer to reach the photon trap compared to wavelengths closer to the PMT peak sensitivity, introducing a time delay, which is reduced if light is injected at shorter distances.
Our work has shown that enhanced PMT photon traps can achieve collection efficiencies competitive to single large PMTs. Traps designs could potentially be further improved with dedicated studies. For example, using a WLS (or multiple WLSs) which will shift both UV and blue light to green, could increase the collection efficiencies. Furthermore, utilizing faster WLSs will improve the timing resolution of photon traps. Using a different WLS might require changing the dichroic mirror to have a functioning photon trap. In addition, an improved trap geometry using for example a Winston cone could improve collection efficiencies further and achieve better timing resolution as re-emitted photons can be guided to the PMTs on a shorter path. Trap size studies indicate an improved timing resolution with smaller traps at the cost of reduced total photon collection. We focused on light injected perpendicular to the trap and observed that at an incident angle of 30 • and 60 • the detection efficiency is decreased by a factor of 0.99 and 0.67 respectively compared to normal incidence for the full trap.
Disadvantages of the photon trap are associated with a degraded timing resolution and reflected light on the trap. Reflected primary photons contribute to the overall PMT count rates in a detector and might reduce sensitivity to very low energy events. The fraction of the reflected Cherenkov radiation is dependent on the incident angle and wavelength (for perpendicular incoming Cherenkov radiation, 28% of the photons are reflected).
While timing requirements depend on the physics objective, the most likely application of our photon trap would be in the outer (veto) detector array of large water Cherenkov detectors with less stringent timing requirements. Further studies on the physics impact of the reflected light is needed and if advanced reconstruction algorithms could mediate the impact. We note that wavelengthshifting optical sensor modules have also been proposed for DUNE [28] and next generation neutrino telescopes [29, 31, 30] .
We note here that our simulation and design has focused on the photon trap efficiency and performance by itself. Engineering and safety modification such as encasing PMTs in fiber-reinforced plastic (FRP) with acrylic front windows [27] to make designs shock wave resistant, need to be investigated for a full detector design. Further the enhanced PMT photon traps require full cost analysis to weigh their benefits.
